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The Thermodynamics of Corrosfon in Molten Carborates:

Application of E-pCO, Diagrams

by

Malcolm D. Ingram and George J. Janz

Rensselaer Polytechnic Institute, Department of Chemistry, Troy, New York
ABSTRACT
The corrosfon of metals in fused carbonates s discussed in terms
of a diagrammatic presentation of the thermodynamic data. The treatment 3
closely resembles that of Pourbaix and Littlewood; diagrams are plotted of
E versus pC0,, where E is the redox potential of the system, and pC0, =
~10g,0(C0,). Each diagram is divided into three regions which mark the 1imits %
of stability at unit activity of the pure metal, metal oxide, and 1iquid b i
metal carbonnfe. In the oxide region the metal may become passivated, but
this depends on structural factors and requires experimental confirmation.
The electrochemical series in molten carbonates {s presented, and the signi-

ficance of pC0, in relation to acid-base behavior is diccussed. ?




INTRO&UCTXON
Recent studles"z's’b
behavior when metal substrates are exposed to carbonate melts. Thus gotd
shows a high degree of nobility which does not depend on the formation of
oxide fiim. On other metals oxfde formation is common, and in the case of
certain stainless steels this leads to passivation. However, despite the
appearance of nicke! oxide, attack on nickel proceeds with severity. An
attempt to interpret these phenomena and to devise means of cont-olling
corrosion must. begin with a consideration of the thermodynamics of the
metal fused-salt systems.

5

Pourbaix” has treated extensively corrosion in aqueocus solutions,
constructing diagrams in which the redox potential (E) is plotted versus
pH. Littlewood6 extended this approach to fused chlorides with similar
plots of E versus pO'. The diagrams were drawn up on the principle that,
at equiiibrium, the positions of all the redox potentfals in a system may
be expressed by a single potential. The advantage of this presentation

is that the different factors which influence metal {fonfzation and oxide

formation may be compared at a glance.

have revealed a marked diversity in corrosion
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3.

1n extending this treatment :o rolten carbonates it has been
necessary to find a function, analogous to pH, which will express the
acidity of the system. It is known that the dissociation of the carbonate

anion gives rise to well defined acid-base behavior:
€0, == 0" + co,

8 concept, the co;' fon acts as a base in the

In terms of the Lux-Flood7’
supply of oxide {ons, and carbon dioxide is {ts conjugate acid. It is
apparent that the oxide activity does not take up an arbitrary value but
varies continuously from zero to unity, depending on the pressure of carbon
dioxide. The acidity of the melt, therefore, may be expressed either as
po. or as pCO, which are similarly defined: p0- = ~l0g,o(0"), pCO, = =l0g,q(C0,).
The latter function seems to have the greater practical usefulness since
the pressure of carbon dioxide fs usually fixed by the experimental con-
ditions,

This communication reports the constructfon of Eredox'pc°3 diagrams

for a number of matals in a ternary eutectic of the alkali carbonates

(Li:NatK = 43.,5:31,5:25.0.m,p = 357°C) at 600°C.




CONSTRUCTION OF THME DIAGTAMS

Sources of Thermorynamic Data

Tne first requirement {n the construction of the diagrams s a set
of self consistent thermal data. Accordingly, values were taken when
possible from the critical compilations of the U. S. Bureau of Mines?? 10,
Estimated data were {n some cases taken from JANAF’]Tables. whe~ pubiished
data were insufficient, extrapolations were made using the methods of

12

Kubaschewsk{ and Evans .

Sign Conventions

It {s desirable to establish a potential scale in molten carbonates
which is strictly analogous to that in aqueous systems. Standard potentials
have therefore be-1 calculated from the eguation AG? = -nE%F, Potentials
defined in this way are in accord with the Stockholm Convention and express
the polarity of the cell relative to tie external circuit. Thus metal
nobility is associated with a positive standard potential; simitarly, a
positive redox potential expresses oxidizing conditions 15 the melt,

Equilibria in the Carbonate Melt

The redox potential in the melt will depend on the pressures of




carbon dioxide and oxygen in the gas phase. Thus the cxidatio~ 2f the

carbonate fon may be written

0, -2e" —>¢c, + /a0,
Hence, {f the C03- activity s close to unity,

£ edox E® - 2'35; pCO, + 2-3%; log,(0;) {M)

Experiments on the foxygen! electrode in carborate melts ha-e shown that
13,14

Eq. (1) is accurately obeyed « It provides a convenient reference

scale of potential, E being set equal to zero for the most 'noble! m'xi: -e

of €0, and 0, at one atmosphere total pressure; i.e., when €0,:0, = 2:1.

Substituting in the appropriate values, one has at 600°¢C ¢

E = 0.0359 + 0.086 pCO, - 0.0433 loqg,o(0,) (1a)

redox

Fig. (1) is the diagrammatic representation of Eq. (1a). The

dependence of E on pCO0, is plotted; each line corresponds to a different

redox
partial pressure of oxygen, the values of log(0,) being plotted on the
outer framework. Thus, if the pressures of carbon dioxide and oxygen are
known,the properties of the system may be defined uniquely by a point on
the diagram.

If the dissociation of the carbomate ion is conmsidered as:

MaC0,(11q) 2= M,0(11q) + CoO,

i e e —




then

(,0)(C0,!]

1 {=
ogiOKd = Tog,e "'%.T;CE;%‘ {2

Hence, if (M,C0,) = 1, and the melt is completely io-‘c,

Py
Sad
s

pO- + pl0; = -!og,o'd
Accurate calculation of L for the ternary eutectic is a3 difficult problem,
which however may be simplified by usinj the !.'m:ners‘S treatment. It is
assumed that the heat of mixing of the three carbtonates is zero, and
similarly for the three oxides. Since entrosies of mixing will cancel {n

the reaction, the free energies of dissociation in the single salt melts

will be additive in the mixture. Thus, at &GC°C:

logich = .11

and -
p0 = -11 + pC0, (3a)

This is the arigin ~f the pO- scale at the top of the diagram, which,
unlike the pC0, scale, will reflect the properties of the cations {n the
melt.

The range of values included on the axes is large: {.-., pCO,
from +20 to =10, and log(0,) from +u0 to -80. However, the melt itself
imposes certain limits on gas phase conditions wtth which it can equflibrate,
For instance, inspection of the diagram shows that when pCO, = +1},

pO- = 0. This is clearly inconsistent with the assumption in Eq. (3)




that carbonate ifon is at unft activity, and the treat-m-% brea.s dow,
Referring to Eq.{2) che findg that when p(0, = =log ld. (co:) - (o'), and
this is in effect the !basic? limit cf *he carbonate =e't,
There is also a lower limit of electroactivity in the electrolyte.
This may arise in several ways, including the decomposition of the melt:
MaCOy —»~2M + CO, ¢ 0,

The appearance of alkali metal at unit activity will thuffer?
the redox potential at

-

Erede

" E:/H‘ + 2.35; log,of_.':;)‘ (L)

In practice a liquid alloy of the three alkali metals will separate from
the meit in equilibrium with each cation. If for simplicity the melt {s
treated as pure sodium carbonate {hypothetical liquid), the lower limit of

electroactivity is a horizontal line at the standard potential of sodium.

For the reaction:
NayC0, (1igq) —w 28a(11q) + €0,(2/5 atm) + 10,(1/3 atm)

AGsa + 12 k.cal,
o
Hence ENa/Na+ - . 2,43 v ’ (5)
Alternatively, the decomposition of the melt could be forestalled

by the reduction of carbon dioxide with the deposition of graphite, thus:




- -
cathodic process: 30, ¢+ o =220, + C
= - .-
anodic process: 200, - Le” = 22, s 0,
overall process: €O, C + 0,

It follows from Eq. (14) that when grashite fs oresent the 5 te-tial ic

controlled by the carbon dioxide pressure, thus

E= EY - 2-2.3°T oc0, ; (€)
e
= -1.011 - 0.136 o0, (6a)

Eq. (6a) gives rise to the sloping line in Fig. 1. It is clear that under

normal conditions the appearance of grachite is thermodynamically preferred

before alkali metal; however, the situation experimentally is not clear.

In subsequent diagrams the limits to the melt performance are set by the

linesg E = -2.43V, pCO, = + 11,

Metal-Carbonate Equilibria

The E-pC0, grid provides a suitable framework for the electro-
chemical behavior of the different matals. Fig. 2 is the nickel diagram
and its construction exemplifies the general treatment. It is divided
into three regions in which only one nickel phase may be present at unit
activity, viz. Ni metal, Ni2*, and solid NiO.

In the Ni domain, the Ni2% activity wili depend only on the redox

&
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potential and on the standard potential of nickel. (onmsider the tormation

cell
NT | NICOL(Tiq) | €0,(2/3 atm). 0,{1/7 at=)

For the cell reaction
NiCO, = Ni + CO, + '/’O,, A3 ™ +15,.72 vcal

Hence EON{/\“ 2¢ = —0.3[&‘1

and E = -0.34 + 2.3PT log(Ni2*
o es ) (7

redox
In this way the (Ni2+) scale has been included, which generates a series
of isocactivity iines perpendicular - . the E-axis.
Above its standard potential nickel cannot be in equilibrium with
a carbonate melt. In this Ni2* domain., Ni2% fons may be present at activities
ranging from zerc Lo unity, since the redox potential governs only the
ratio (NiZ*/Ni).
The boundary between the Ni2* and Ni0 areas is the value of pCO,
when NiQ precipitates from a pure nickel carbonate melt. As the N{i0 domain
is crossed and the basicity of the system {s increased, the equilibrium

activity of Ni2* {n the melt decreases. For the reaction

NiCO,{1{q)—>»= NiO(s) + CO, , 4G = -20.93 Xcals




. (wi0)(co,) .
Hence Kd —_TQTE5;T- - 105-3Is

and log{Ni2*) = -log ky - pZ3, (8}

- '5°2l‘ - Dccz (Sa)

The 10g(Ni2*) scale for the N10 domain is obtained by plotting Eq. (Ba);

it is noteworthy that the properties of the system depend only on pC0, and
not on the redox potential. This is the case until the oxygen pressure is
reduced to the dissociation pressure of NiD (107" '¢ atm) when nicke!
metal may agafn appear. Thus the line on the diagram for log(0,) = -19.16
is the boundary between the.NiO and Ni domains.

APPLICATION Of THE DIAGRAMS

General

In general a corroding metal will not be in equilibrium with the

melt, and some assumption must be made to enable the use of these diagrams..

5

For aqueous systems Pourbaix”’ made the arbitrary assumption that a metal
would corrode if the equilibrium concentration of its {ons were greater
than 107 °M; {f less, the metal was said to be immune. This should be

useful as a rough guideline in treating the molten carbonate system. It

is assumed that the metal satisfies the Temkin’o model for. the l{quid

state. This permits the thermodynamic activities to be replaced by

e
=




concentratfons fn units of mole fraction,

The use of the diagrams may be illustrated by co~sidering the behavior
of nfckel at 600°C (Fig. 2}. If nickel metal {s immersed i{n the carbonate
melt under an atmosphere of carbon dioxide, the tncrmal cperating conditions?
might be 0.9 atmos, CO, and 0.1 atmos. 0,. This would approximate to the
point on the diagram pC0, = 0, € = 0. This is in tne region of oxide-cover,
and the concentration of Ni2* jons in the melt is as low as 107°M. Two
possibilities exist: either the metal will corrode completely to oxide;
or the Ni0O will form a coherent film on the metal surface and lead to
passivation. The thermodynamic treatment cannot disthguish these two
possibifities and experimental data are required. However, the treatment
indicates that ox'le formation is inevitable unless the (O, pressure is

5 ~19
fncreased to 10 atmos. or the 0, pressure reduced to 10 atmos. It
seems that the only sure way of preventing attack on nickel lies in cathodic

protection; reduction of the potential to -0.8V should remove any oxide and

render the metal {mmune.

Comparison of Metals

Iron (Fig. 3). For simpliicity only the ferrous oxidation state

has been considered. The striking feature of the diagram is the general




similarity to that of nickel, Even though the standard potertial of iron
(-0.66V) is somewhat lower than for nickel {=0.34V), u~der !normal operating
conditions? the system is {n the FeQ domain, and the concentration of Fe2+
fs 1075M.0nce again one sees there is a possibility of passivation 1f the

oxide forms a coherent film,

Silver (Fig. 4). Under !normal ooerating conditions silver oxide
is unstable and there is now no chance of spontaneocus passivation. The
metal §s in equilibrium with Ag iuns at a concentration 1072M, and it seems
certain that the metal will corrode.

Gold (Fig. 5). For gold also the oxide is unstable under the usual
conditions, but the equilibrium concentration of Au3* ions is less than

-0
10 M..One should expect gold to be completely immune from attack either
to form oxide or to dissolve in the melt.

Platinum (Fig. 6). An interesting feature {s that point E = 0,
pCO, = 0 lies just beneath (50mV) the boundary 1ine for the Pt0 and Pt
domains. The metal should be in equilibrium with its fons at 10- M and

therefore be immune. However, if an oxide phase should form, the solu-

3 ’
bility of Pt2* will be as low as 1075M and passivity will be s possibility.




All these metals described above have been investigated by potentio-

152,34 , 4 their corroston behavior is well

static and other techn{ques
established, The comparison between thermodynamic predictions and experiment
is shown {n Table 1. Within the limitation of the thermodyramic method,
there {s good agreement.
DISCUSSION

The success of the treatment in accounting for the behavior of five
metals suggests its essential validity. Its extension to a wide range of
metals might give an insight into the general electrochemistry of the molten
carbonate system. Table 2 summarizes the data for a number of metals con-
sidered., The first column E°, is the electrochemical series in molten
carbonates, the irallelism with {ts aqueous analoque being quite striking.
It has been found that only gold and p}atinum are sufficiently tnoble! to
be {mmune from attack, and so protection of other metals wfll depend either
on cathodic protection or on passivation.

The second column, E{1076M), contains the potentials required to

give really effective cathodic protection. It is apparent that with metals

more active than {ron, complications may arise from the decomposition of

the melt or the deposition of graphite.




Inspection of the third column reveals that the oxfdes cf all the
metals from nickel upwards are stable at this tewperature, and hence the
important factor must be the snalubility of the oxide {n the meit., The
final column contains the pC0, values at which the oxide will precipitate
from the molten metal carbonate. The metals may be divided into two
categorfes, In the first group are the alkali metals and barium; these
do not precfipitate except at large pos}t{ve values of pCG,, and hence give rise
to good carbonate solvents. The second class comprises the remaining metals,
where it is apparent that oxide precipitation occurs even at significantly
negative values of pCO,, {.e. under more acid conditions thin are generaliy
encountered., This frequent formation of insoluble oxide gives good reason
to believe that a svstematic study of passivation behavior will be worthwhile.

The importance of pCO, in corrosion phenomena indicates that acid-
base considerations will be helpful in understanding the behavior of
refractory oxides. Thus, the dissolution of magnesia in the melt will be

governed by the equiiibrium?

2+

Mgd + €O, < Mg + €0,
(base) (acid) (conjugate) (conjugate)
acid base

and K

2+ -
(Mg~ )(CO,)
b~ TRET(COL) (9)




—

i 2]
-

1f excess Mg0 is present at unit activity, log Ky = pCO; when ("92*) ..
Thus the pCO, values {n Table 2 are the log Kb values for the basic oxides
jn the molten carbonate soivent, Magnesia has been shcuﬂ‘ to have excellent
properties as a contafner material and {t seems that other less basic oxides
could be equally suitable.

The corresponding behavior of acidic oxides is i~teresting fn this

context., If the {nteraction of silica with the melt is represented as:

§10, + Na,C0, %= Na,510, + €O,
(acid) (base) (conjugate) (conjugate)
' base acid
then k= (5103 )(c0;) ~(10)
a (€0,)(S10,)

I $i0, is present at unit activity, pKa = pCO, when (S10;) = (COBG).

The pKa value may t' is be understood as the value of pCO, when the con-

tamination of the melt is reversed. Thus, when pCO, = pK-1, (5i0, ) = 0.09,
and when pC0, = pK+1, (S10, ) = 0.91. Calculated values for silica and

alumina are: pXa » «2,46; pKa = +1.37. This is in accord with the

$10, A1,0,

observation that silica glass rapidly dissolves in carbonate melts while

porcelain reference electrodes‘7 are attacked only slowly. In this way it

is possible to relate the position of all acid-base equlibria within the melt




to the pressure of carbon dioxide, and the usefuliness of pC0, as an acidity

function is seen.,

It fs not suggested that the E-pC0, dfagrams provide a comlete

description of the interaction between metal suybstrates and fused carbonate

systems. The thermodynamic approach can cast no light on the structural and

kinetic features which are so often important. It is suggested that the merit

of the treatment Ties in the correlation of substrate reactivity with acid

base behavior, giving a better perspective of the corrosion phenomena.
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Table 1

Corrosion Behavior of Selected Metals

In the Ternary Eutectic at 600°C

(8 )
Metal Theoretical 'Domain? Experimenta) 34
Au fmmune no corrcsion,né oxide
Pt . fmmune or sssi
Tt ' ox{de-cover -~ passive
Ag corrosion corrodes to Ag+
Fe (stainless steel) oxide-cover passive
Ni oxide-corer corrodes to Ni O




Table 2

Summary of Electrochemical Bata In Molten Carbonates at 600°C

Metal Electrode Potential Oxide Pressure Oxide Pracipitation
g° E(107¢M) tog (0,) p €O,
Ba -2.90V -3.b2v -£6.86 +5.50
Li -2.87 -3.91 -54.90 +6.09
Ca ~2.59 ~3.11 -65.20 -2.27
K -2.45 -3.49 -27.34 +15.0
Na -2.43 =3.47 -35.1 +10.9
Mg 2.4 -2.93 -60.80 -2.18
Mn -1.38 -1.90 -38.42 -2.88
In -0.89 -1 -31.02 -4.79
Fe (11)  -0.66 -1.18 -24.70 -4, 34
to -0.39 ~0.91 2088 -5.52
Ni ~0.34 -0.86 -19.16 -5.24
Pt (+0.52) 0.00 +0.28 (-5.24)
Ag  +0.55 -0.49 +2.48 -4.50

Au (+0.84) +0.49 +9.4 (-4.50)
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